Satellite imagery offers a lower-cost and less time consuming alternative to traditional methods for mapping atmospheric concentrations of aerosols.
Air pollution affects human health and reduces the quality of our land and water. We cannot escape from it, even in our own homes. In Malaysia, in particular, environmental pollution is a persistent problem. In recent years, air quality has been degraded almost annually during haze episodes generated by forest fires in Sumatra and Kalimantan, Indonesia. The worst of these events caused Malaysia to declare an emergency in 1997 for Kuching, Sarawak, and in 2005 for Port Klang, a district in Kuala Selangor. The declarations were made after Air Pollution Index (API) values reached dangerous levels.
Smoke haze belongs to a class of pollutants called aerosols, liquid or solid particles suspended in the air from natural or man-made sources. Aerosol particles also affect climate. Since the early 1900s, the Earth's surface temperature has increased by 0.6
• C, reaching its highest level of the last thousand years. This rapid temperature change is attributed to a shift of less than 1% in the energy balance between the absorption of incoming solar radiation and the emission of thermal radiation from the Earth. Greenhouse gases in the atmosphere, such as carbon dioxide and ozone, affect this energy balance, but aerosols also play a role. They do so directly, by interacting with solar and terrestrial radiation, and indirectly, by their effect on cloud microphysics, albedo (reflectivity), and precipitation. 1 The effects of aerosols on climate differ from those of greenhouse gases. Since most are highly reflective, they raise the planet's albedo, thereby cooling the surface and effectively offsetting greenhouse gas warming by anywhere from 25 to 50%. The traditional sampling method for environmental monitoring of aerosols is time consuming and expensive. Furthermore, field measurements cannot provide the fine spatial resolution needed to show detailed distribution patterns over a large area, or allow for continuous monitoring. Remote-sensing techniques can overcome these problems. Radiant energy reflected and emitted by the Earth carries with it a signature of the Earth's atmospheric and surface characteristics. By measuring the wavelength and the angular and polarization properties of this energy, satellite sensors can quantify several atmospheric and surface features. 2 Satellite data have traditionally been used to detect air pollution and can be used for qualitative measurements over a large coverage area. Mapping air quality by using remote-sensing data provides better results at a relatively cheaper cost. This study used high spatial resolution digital imagery to estimate air quality.
The objective of this study was to test the use of digital satellite imagery to detect particulate matter up to 10µm in diameter (PM10). PM10 is one of the most harmful components in the atmosphere because of its ability to penetrate into the human respiratory system and embed in the lungs, where it is retained for a long time. Smaller particles also offer more surface area to absorb other pollutants compared with an equivalent mass of larger particles.
Landsat satellite images from seven dates were analyzed to map the PM10 concentration over land. PM10 measurements were collected simultaneously with the images. Only one date coincided with the measurements of PM10 data over water. Digital numbers for each wavelength band corresponding to the ground-truth data were determined and then converted into radiance and reflectance values.
The value at the top of the atmosphere is the sum of the surface and atmospheric reflectance. The signals measured in each of these visible bands represent the combination of these two effects, usually in different proportions depending on the conditions. Hence, we must determine the surface contribution from the total received at the sensor. The reflectance detected at the top of the atmosphere, ρ (TOA), was decreased by the surface amount to obtain the atmospheric reflectance. The surface values in the visible bands (red and blue) were retrieved using ATCOR2 software. In this study, a new algorithm was developed to detect and map air pollution levels. The algorithm was derived using the reflectance model, which is a function of the inherent optical properties of the atmosphere and which can be related in turn to the concentration of its constituents. The details of the algorithm have been described elsewhere. [3] [4] [5] In short, our algorithm for particle concentration is given by A = e 0 + e 1 R atm1 + e 2 R atm3 , where A is the particle concentration of PM10, R atmi is the atmospheric reflectance (i = 1 and 3 are the band numbers), and e j is the algorithm coefficient ( j = 0, 1, and 2 are empirically determined).
We used Landsat Thematic Mapper (TM) signals as independent variables in our analysis. The atmospheric reflectance values were combined and related to the corresponding PM10 amounts, and the data was used to calibrate the algorithm. Coefficients were determined using a regression technique, and PM10 maps were generated using the calibrated algorithm.
Then color-coded maps were produced for visual interpretation and geometrically corrected for displaying distribution patterns of PM10 over land and water as shown in Figures 1 and  2 , respectively. Generally, PM10 concentrations in the industrial and urban areas were higher compared to other areas based on the generated PM10 maps shown here.
High air pollution levels also originated from stationary sources such as chemical and manufacturing plants. Furthermore, many mobile sources such as motor vehicles raised the PM10 concentrations in urban areas. The particles and dust in Penang, Malaysia, mostly come from motor vehicles, smoke from forest fires in the neighboring countryside, and particles and dust generated by industrial activities.
Conclusion
This study indicates the potential applications of digital satellite data for air-quality studies. The time required for traditional sampling methods for environmental monitoring can be reduced by using satellite images. Applying the algorithm we developed
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